The mechanisms of heart failure remain largely elusive. The present study determined a causative role of DNA methylation in norepinephrine-induced heart hypertrophy and reduced cardiac contractility.
Introduction
Prolonged sympathetic nervous system activation with elevated circulating catecholamine levels have implications in human heart failure for both disease progression and survival. 1 -4 Catecholamine-induced heart injury may play an important role in prolonging myocardial damage following an infarction. Yet, the molecular mechanisms underlying the changes in the myocardium that occur following catecholamine infusion and subsequent acute ischaemia reperfusion injury remain largely elusive. Elevated reactive oxygen species (ROS) production and reprogramming of gene expression patterns in cardiomyocytes have been implicated in the pathophysiology of left ventricular hypertrophy and failure. This is characterized by the up-regulation of foetal genes and decreased expression of some subsets of adult ones. Although previous studies with the approach of transgenic knockout (KO) or knockin of a single protein revealed important information, it is unlikely that heart hypertrophy and failure are caused by changes in a single protein or pathway. Thus, networks of proteins and pathways in the heart must be altered, leading to heart hypertrophy and failure. Recent clinical and experimental studies suggest a vital role of epigenetic mechanisms in the regulation of cardiac gene expression patterns in the progress of heart hypertrophy and failure. 5 -7 DNA methylation at CpG dinucleotides and histone modifications are the most common mechanisms of epigenetic modulation of gene expression. Whereas it has been suggested that histone modification may contribute to reprogramming of cardiac genes expression in heart failure, 7, 8 the role of DNA methylation is far less defined. Some recent studies showed that distinct epigenomic DNA methylation patterns existed in important DNA elements of the cardiac genome in human end-stage cardiomyopathy, 6 and differential DNA methylation correlated with differential expression of angiogenic factors in human heart failure. 5 Yet, whether aberrant DNA methylation plays a causative role in the progression of heart hypertrophy and failure remains unknown. † These two authors contributed equally to the work.
The present study tested the hypothesis that DNA methylation and altered cardiac gene expression patterns play a causative role in norepinephrine-induced heart hypertrophy and heightened ischaemic injury in a rodent model. Here, we present novel evidence in a rodent model that epigenetic modification via increased DNA methylation is a causative mechanism in norepinephrine-induced programming of heart hypertrophy and reduced cardiac contractility. Given that protein kinase C epsilon (PKC1) plays an important role in regulating heart hypertrophy and ischaemic injury, we also examined the specific effect of norepinephrine treatment on PKC1 promoter methylation and protein expression in the heart. The findings suggest a potentially novel therapeutic approach of demethylation in the treatment of failing heart and ischaemic heart disease.
Rats were anaesthetized with 75 mg/kg ketamine and 5 mg/kg xylazine injected intramuscularly and hearts were removed. The adequacy of anaesthesia was determined by the loss of a pedal withdrawal reflex and any other reaction from the animal in response to pinching the toe, tail, or ear of the animal. Additionally, even respiration rate of the animal under anaesthesia was closely monitored, and an increased respiration rate was used as a sign that anaesthesia was too light. Isolated hearts were retrogradely perfused via the aorta in a modified Langendorff apparatus, as described previously. 10 Left ventricle end-diastolic pressure (LVEDP) was set at 5 mmHg. After baseline recording for 60 min, hearts were subjected to 20 min of global ischaemia followed by 60 min of reperfusion. Left ventricle developed pressure (LVDP), heart rate, dP/dt max , dP/dt min , and LVEDP were continuously recorded. At the end of reperfusion, left ventricles were collected and myocardial infarct size was measured with 1% triphenyltetrazolium chloride, as described previously. 10 Lactate dehydrogenase (LDH) activity was measured in coronary effluent collected during reperfusion, using the TOX 7 assay kit.
Western blot analysis
Protein abundance of PKC1, DNA methyltransferase (Dnmt) 1, Dnmt 3a, and Dnmt 3b in left ventricles was determined with western blot analysis. 10 
Real-time RT-PCR
RNA was extracted from left ventricles, and mRNA abundance of PKC1, atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), and b-myosin heavy chain (b-MHC) were determined by real-time reverse transcription polymerase chain reaction (RT-PCR) using an Icycler Thermal cycler. 10 
Quantitative methylation-specific PCR
Genomic DNA was isolated from left ventricles and subjected to bisulphite modification. 10, 11 Bisulphite-treated DNA was used as a template for realtime methylation-specific PCR (MSP) using primers designed to amplify the Egr-1-binding site at rat PKC1 promoter, as described previously.
10,11
Real-time MSP was performed using the iQ SYBR Green Supermix with iCycler real-time PCR system.
Measurement of global DNA methylation
Genomic DNA was isolated from left ventricles and digested with a mixture of benzonase nuclease, shrimp alkaline phosphatase, and phosphodiesterse I from Crotalus adamanteus venom. 12 Quantification of methyl-cytosine (C  m ) and cytosine (C) was carried out by HPLC coupled with tandem mass spectrometry in multiple reaction monitoring mode (HPLC -MS/MS-MRM). 13 Results were expressed as the C m /C ratio.
Measurement of Dnmt activity
Dnmt activity assay was performed using an ELISA EpiQuik DNMT activity/ inhibitor assay kit (Epigentek, Farmingdale, NY, USA). To measure tissue Dnmt activity, nuclear extract (NE) isolated from the left ventricle was incubated with S-adenosylmethionine (AdoMet) and a universal proprietary Dnmt substrate in the Dnmt assay buffer at 378C for 2 h. The blank contained only AdoMet and the substrate without NE, while the positive control contained AdoMet/substrate with the purified Dnmt enzyme preparation containing both maintenance and de novo Dnmts, supplied in the kit. After the incubation, the capture antibody and detection antibody were added in sequence, followed by incubation with developer solution for 10 min at room temperature. Signal was measured by a dual wavelength microplate reader at 450/655 nm. To determine the effect of 5-aza-2 ′ -deoxycytidine on individual Dnmt activity, purified human Dnmt 1, Dnmt 3a, or murine Dnmt 3b (Epigentek), instead of NE, were incubated with AdoMet and the Dnmt substrate in the absence or presence of 5-aza-2 ′ -deoxycytidine. 16, 17 The results were presented in Table 1 as mean + SEM (n ¼ 5).
Measurement of ROS

Statistical analysis
Data were expressed as means + SEM obtained from the number (n) of experimental animals given. Statistical significance (P , 0.05) was determined by the analysis of variance followed by Newman-Keuls post hoc testing or Student's t-test, where appropriate.
Results
Norepinephrine treatment increased blood pressure
Chronic infusion of norepinephrine to rats for 28 days increased plasma norepinephrine concentrations from the control level of 28.4 + 7.7 to 112.2 + 20.9 (100 mg/kg/h) and 175.6 + 55.9 (200 mg/kg/h) pg/mL, respectively, and produced a sustained increase in arterial blood pressure during the norepinephrine treatment ( Figure 1 ).
5-Aza-2 ′ -deoxycytidine inhibited Dnmt activity
The norepinephrine treatment resulted in a significant increase in Dnmt activity in the left ventricle, which was blocked by 5-aza- and 3b was barely detectable in the control heart, the norepinephrine treatment induced an increase in the expression of Dnmt 1, 3a, and 3b in the left ventricle ( Figure 2B ). To assess the direct inhibitory effect of 5-aza-2 ′ -deoxycytidine on the individual Dnmt, an EpiQuik DNMT Activity/Inhibitor Screening Assay Kit was used to determine the direct effect of 5-aza-2 ′ -deoxycytidine on the activity of purified human Dnmt 1, Dnmt 3a, and murine Dnmt 3b. As shown in Figure 2C , 5-aza-2 ′ -deoxycytidine dose-dependently inhibited all three Dnmt activities.
5-Aza-2
′ -deoxycytidine reversed norepinephrine-induced heart hypertrophy and reduced cardiac contractility Norepinephrine treatment for 28 days produced a concentrationdependent increase in the left ventricle to body weight ratio ( Figure 3A) . This was associated with a significant increase in mRNA expression of foetal genes ANP, BNP, and bMHC in the left ventricle ( Figure 3B-D) . Additionally, the norepinephrine treatment caused significant decreases in LVDP and dP/dt max , determined in a Langendorff preparation ( Figure 3E and F ) . Strikingly, treatment of rats with a DNAdemethylating agent 5-aza-2 ′ -deoxycytidine for the last 6 days of norepinephrine infusion caused a complete reversal of norepinephrine-induced left ventricular hypertrophy and reduced contractility ( Figure 3A-F) .
3.4 5-Aza-2 ′ -deoxycytidine abrogated norepinephrine-mediated increase in heart susceptibility to ischaemic injury
The norepinephrine treatment resulted in a concentration-dependent increase in LVEDP ( Figure 4A ), myocardial infarct size (see Supplementary material online, Figure S1 and Figure 4B ), and LDH release ( Figure 4C) , resulted from 20 min of global ischaemia and 60 min of reperfusion in a Langendorff preparation. This was associated with significant decreases in post-ischaemic recovery of LVDP ( Figure 4E ) and dP/dt max ( Figure 4F ). Of importance, treatment of rats with 5-aza-2 ′ -deoxycytidine for the last 6 days of norepinephrine infusion abrogated the norepinephrinemediated increase in heart susceptibility to ischaemia and reperfusion injury ( Figure 4B, C, D, G , and H ).
3.5 5-Aza-2 ′ -deoxycytidine abolished norepinephrine-induced ROS production Elevated ROS production is implicated in the pathophysiology of left ventricular hypertrophy and failure. The norepinephrine treatment caused a significant increase in ROS production in the left ventricle, which was abolished by 5-aza-2 ′ -deoxycytidine (see Supplementary material online, Figure S2 ).
5-Aza-2 ′ -deoxycytidine reversed norepinephrine-induced hypermethylation
The norepinephrine treatment produced a concentration-dependent increase in global genomic DNA methylation ( Figure 5A 3.7 5-Aza-2 ′ -deoxycytidine caused a reversal of norepinephrine-induced changes in cardiac proteome
To elucidate protein pathways and networks that mediated norepinephrine-induced left ventricular hypertrophy and failure, protein expression patterns were determined in the left ventricle by TMT-LC-MS/MS analysis with an LTQ-Orbitrap-Pro instrument. A total of 1054 proteins were identified in the left ventricle of all hearts in all the treatment groups by one-dimensional LC-MS/MS approach. Of these proteins, 33 demonstrated a consistent modulation pattern by norepinephrine, most of which showed concentration-dependent changes induced by norepinephrine ( Table 1) . Hierarchical clustering analysis of Table 1 is presented in Supplementary material online, Figure S3 . These subsets of proteins included heat-shock chaperon proteins, oxidative stress-related proteins, contractile proteins, and fibrotic response proteins ( Figure 6 ). Of importance, the proteomic analysis revealed that norepinephrine induced an up-regulation of myotrophin and a down-regulation of four and one-half LIM protein 2 (FHL2; Figure 1 Norepinephrine induced an increase in arterial blood pressure. Rats were treated with saline control or norepinephrine (100 mg/kg/h, NE 100) for 28 days. SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial blood pressure. Data are mean + SEM of five animals. Figure 6 ). Ingenuity pathway analysis (IPA) using the stringent filter (rodent) revealed five separate sub-networks of proteins modulated by norepinephrine (see Supplementary material online, Figure  S4 ). The merged protein networks that were induced by norepinephrine, along with respective sub-cellular localization, are shown in Supplementary material online, Figure S4F , G, and H. Strikingly, treatment of rats with 5-aza-2 ′ -deoxycytidine for the last 6 days of norepinephrine infusion caused a correction in the expression of most of these proteins to baseline in the left ventricle ( Table 1 ) and also a near complete reversal of norepinephrine-activated protein pathways and networks in the left ventricle (see Supplementary material online, Figure S4E and H ).
Discussion
The novelty of the present study is two-fold. First, it provides clear evidence of a causative mechanism of heightened DNA methylation in the progression of heart hypertrophy in vivo in an animal model. Secondly, it demonstrates that increased DNA methylation and the phenotype of heart hypertrophy and reduced cardiac contractility can be reversed by a DNA-demethylating agent, providing a potentially novel therapeutic approach of demethylation in the treatment of failing heart and ischaemic heart disease. Heart failure is often associated with increased sympathetic activity and elevated circulating catecholamine levels. 1 -4 Plasma norepinephrine levels are highly variable, and human studies showed a normal value of around 200 pg/mL to plasma norepinephrine values of .900 pg/mL in patients with congestive heart failure. 4, 18 Whereas rodent plasma norepinephrine levels may not be directly comparable with humans, the proximal 4-to 6-fold increases of plasma levels by the norepinephrine treatments in the present study are in agreement with clinical conditions in patients with heart failure. Consistent with the recent findings of distinct epigenomic DNA methylation patterns in the cardiac genome in heart failure patients, 5, 6 the present study demonstrated that norepinephrine-mediated left ventricle hypertrophy and reduced cardiac contractility were associated with an increase in global genomic DNA methylation and a gene-specific CpG methylation of PKC1 gene promoter in the left ventricle. More importantly, the present study demonstrated that treatment of rats with a DNAdemethylating agent 5-aza-2 ′ -deoxycytidine for the last 6 days of norepinephrine infusion caused a reversal of norepinephrine-induced hypermethylation and rescued the phenotype of heart hypertrophy and reduced contractility. 5-Aza-2 ′ -deoxycytidine alone at the dose given had no significant effects on cardiac function and gene expression. These findings provide clear evidence of a causative mechanism of heightened DNA methylation in norepinephrine-induced progression of heart hypertrophy and reduced cardiac contractility in an animal model. 5-Aza-2 ′ -deoxycytidine inhibited a norepinephrine-induced increase in Dnmt activity in the heart, and this inhibitory effect appeared a direct action on both maintenance (Dnmt 1) and de novo (Dnmt 3a and 3b) Dnmts. The functional significance of 5-aza-2 ′ -deoxycytidine-mediated demethylation in rescuing gene expression was demonstrated in the left ventricle, in which 5-aza-2 ′ -deoxycytidine reversed norepinephrineinduced PKC1 gene repression. This is in agreement with previous findings showing that 5-aza-2 ′ -deoxycytidine abrogated promoter hypermethylation and rescued PKC1 gene expression in the foetal heart. 9 -11 Consistent with the present finding of 5-aza-2 ′ -deoxycytidine-mediated demethylation in the heart, previous studies in adult rats demonstrated that 5-aza-2 ′ -deoxycytidine, given intraperitoneally (i.p. 1 mg/kg/day) for 3-7 days, caused demethylation of 11b-hydroxysteroid dehydrogenase type 2 (11bHSD2) gene promoter in the kidney, lung, and liver, resulting in higher expression of the 11bHSD2 gene in these organs. 19 PKC1 is the best-characterized PKC isoform in the contribution to cardiac hypertrophy and heart failure. 20 -23 In addition, PKC1 plays a pivotal role of cardioprotection in heart ischaemia and reperfusion injury, 22, 24, 25 and a causative mechanism of endogenous PKC1 in protecting the heart against ischaemia and reperfusion injury has been demonstrated in rats. 10 The present findings that 5-aza-2 ′ -deoxycytidine abrogated promoter hypermethylation, rescued PKC1 gene expression, and reversed heightened susceptibility of ischaemic injury in the heart provide additional ′ -deoxycytidine inhibited Dnmt activity. Rats were treated with saline control or norepinephrine 100 mg/kg/h (NE 100) for 28 days. 5-Aza-2 ′ -deoxycytidine (Aza, i.p. 1 mg/kg/day) was administered for the last 6 days of norepinephrine infusion. Dnmt activity (A) and protein abundance (B) were determined in the left ventricle. Data are mean + SEM of five animals. *P , 0.05, NE 100 vs. control. (C) 5-Aza-2 ′ -deoxycytidine inhibited the activity of purified human Dnmt 1, Dnmt 3a, or murine Dnmt 3b. Data are mean + SEM. *P , 0.05, Aza vs. control, n ¼ 5.
evidence of a causative mechanism of increased DNA methylation in heightened vulnerability of ischaemic injury in the heart.
Whereas 5-aza-2 ′ -deoxycytidine-induced DNA hypomethylation is likely to affect many genes in the heart, this may be, indeed, important in its effect in rescuing heart hypertrophy and failing heart because of the inevitable involvement of networks of proteins and pathways in reprogramming of heart hypertrophy and failure. Indeed, the proteomic approach revealed multiple protein pathways and networks that may be involved in norepinephrine-induced hypermethylation and left ventricle hypertrophy and reduced cardiac contractility. Whether these were the direct effects of norepinephrine on the heart or the indirect effects through its action on other organs and tissues remain to be determined. The finding of up-regulation of a group of heat-shock and oxidative stress-related proteins indicates a state of stress in the heart caused by norepinephrine treatment. Although the primary physiological function of heat-shock proteins in non-stressed conditions is to perform the chaperoning activity, in stress when the general protein synthesis equilibrium is lost, new heat-shock proteins appear in various cellular compartments and mediate protection to proteins. 26 Additionally, both albumin and cytoglobin may function as ROS scavengers in the heart, 27,28 and increases of these proteins are likely to be a compensatory mechanism in response to norepinephrine-induced increase in ROS production in the heart. Increasing evidence indicates heightened ROS production in the myocardium of patients and animal models with heart failure. 29, 30 5-Aza-2 ′ -deoxycytidine abrogated norepinephrine-induced ROS production, resulting in a reversal of stress proteins to baseline levels in the left ventricle. Consistent with the finding of a failing heart, several proteins related to the contractile machinery of cardiomyocytes were modulated by norepinephrine. Some of these proteins are implicated in heart failure. Thus, cardiac titin N2B isoform, a critical protein that supports cellular acto-myosin fabric and its down-regulation is implicated in cardiac dilation and contractile dysfunction, 31, 32 was indeed concentrationdependently down-regulated by norepinephrine treatment. Titin is highly susceptible to various forms of cellular damage including oxidation by free radicals. 33 Another example is caldesmon that binds to actin and inhibits myosin binding to actin, resulting in inhibition of actin-activated myosin ATPase activity. 34 A norepinephrine-induced increase in caldesmon expression in the left ventricle is thus expected to cause increased inhibition of contractility. In addition to these changes in contractile proteins leading to reduced contractility of a failing heart, norepinephrine treatment also induced increases of a group of proteins in association with cardiac tissue fibrotic response, or cardiac remodelling in heart failure. For example, vimentin is an intermediate filament protein and a mesenchymal marker of fibrosis. The increase of vimentin expression in norepinephrine-treated hearts is thus consistent and may indicate an onset of fibrosis in cardiac tissue. Additionally, the three different proteoglycans, decorin, lumican and biglycan, have been ′ -deoxycytidine abrogated a norepinephrine-mediated increase in heart susceptibility to ischaemic injury. Rats were treated with saline control or norepinephrine 100 mg/kg/h (NE 100) or 200 mg/kg/h (NE 200) for 28 days. 5-Aza-2 ′ -deoxycytidine (Aza, i.p. 1 mg/kg/day) was administered for the last 6 days of norepinephrine infusion. Hearts were subjected to 20 min of ischaemia and 60 min of reperfusion in a Langendorff preparation. LVEDP, left ventricle end-diastolic pressure; LDH, lactate dehydrogenase; LVDP, left ventricle developed pressure. Data are mean + SEM of five animals. DNA demethylation rescues heart failure up-regulated by norepinephrine in the left ventricle. Although decorin may confer cardioprotection, 35 increased expression of other two proteoglycans could either be a consequence of cardiac tissue fibrotic response (e.g. lumican), or heart failure associated cardiac remodelling (e.g. biglycan). Thus, up-regulated expression of lumican is necessary for collagen fibre assembly in fibrosis, and the expression level of lumican is greater in and around the fibrotic lesions of ischaemic and reperfused rat hearts than it is in normal hearts. 36 In an analogous fashion, biglycan expression is up-regulated in failing hearts and is implicated in cardiac remodelling in particular for organization of collagen fibrils. 37 Biglycan is a potent proteoglycan that promotes the supramolecular assembly of collagen VI. 38 The finding that 5-aza-2 ′ -deoxycytidine inhibited norepinephrine-induced changes in contractile proteins as well as proteins related to fibrotic response, and cardiac remodelling is consistent with its function in blocking hypertrophy and rescuing contractility of the left ventricle, and suggests a causative mechanism of heightened DNA methylation in regulating expression of subsets of cardiac proteins in the progression of heart hypertrophy and reduced cardiac contractility. Of importance, proteomic analysis revealed that norepinephrine induced an up-regulation of myotrophin and a down-regulation of FHL2. Myotrophin is a transcription regulator. Overexpression of myotrophin in cardiac tissues triggers myocardial hypertrophy and heart failure in transgenic mice. 39 This process of myotrophin-induced cardiac hypertrophy involves the activation of nuclear factor NF-kb 40 and other cardiac hypertrophy indicator early response mRNAs, namely, c-myc, c-jun, c-fos, ANF, a-actin, b-MHC, and connexin 43 mRNA. 41 Similar to rodents, in human hearts, myotrophin is found at higher levels in dilated cardiomyopathy, and increased levels of cardiac myotrophin have been proposed to play a role in the initiation of cardiac hypertrophy. 42 On the other hand, FHL2 was significantly downregulated in norepinephrine-treated hearts. Studies with FHL2 KO transgenic mice revealed that FHL2 function was not necessary for normal cardiac development, but hearts in adult FHL2 KO mice became much more sensitive in cardiac mass increase in response to chronic infusion of b-adrenergic agonist isoproterenol, when compared with wild-type littermates. 43 FHL2 acts both as a transcription co-activator and an adaptor protein binding with cardiac titin-N2B segment, which has potential stretch-sensing function. Several studies have revealed that a decrease in FHL2 binding with the titin-N2B segment is one of the pathways to dilated cardiomyopathy. 44, 45 Although the functional significance of myotrophin and FHL2 in cardiac hypertrophy and failure is well recognized, the regulatory mechanisms of their gene expression are much less clear. The present finding that 5-aza-2 ′ -deoxycytidine reversed norepinephrine-induced changes in the expression of myotrophin and FHL2 provides a novel mechanism of DNA methylation in epigenetic regulation of myotrophin and FHL2 expression patterns in the heart in response to sympathetic overactivity and pressure overload. The present study provides novel evidence of a causative mechanism of heightened DNA methylation in the progression of heart hypertrophy and reduced cardiac contractility in vivo in an animal model. Furthermore, our study demonstrates that increased DNA methylation and the phenotype of heart hypertrophy can be reversed by a DNAdemethylating agent. It should be noted that whether the gene expression and methylation profiles in the present study would be found in a chronically failing heart remains to be determined. Given the increasing evidence showing the existence of distinct epigenomic patterns of DNA methylation in end-stage failing human hearts, and highly dynamic changes of DNA methylation and demethylation in adult tissues, 46 the present finding that a DNA-demethylating agent may rescue the phenotype of heart hypertrophy and failing heart provides exciting therapeutic targets for novel treatments.
Supplementary material
Supplementary material is available at Cardiovascular Research online. Table 1 .
DNA demethylation rescues heart failure
